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Applying elastic deformation can tune a material’s physical properties locally and reversibly. Spatially 
modulated lattice deformation can create a bandgap gradient, favouring photo-generated charge 
separation and collection in optoelectronic devices. These advantages are hindered by the maximum 
elastic strain that a material can withstand before breaking. Nanomaterials derived by exfoliating 
transition metal dichalcogenides (TMDs) are an ideal playground for elastic deformation, as they can 
sustain large elastic strains, up to a few percent. However, exfoliable TMDs with highly strain-tunable 
properties have proven challenging for researchers to identify. 
We investigated 1T-ZrS2 and 1T-ZrSe2, exfoliable semiconductors with large bandgaps. Under 
compressive deformation, both TMDs dramatically change their physical properties. 1T-ZrSe2 
undergoes a reversible transformation into an exotic three-dimensional lattice, with a semiconductor-
to-metal transition. In ZrS2, the irreversible transformation between two different layered structures is 
accompanied by a sudden 14% bandgap reduction. These results establish that Zr-based TMDs are an 
optimal strain-tunable platform for spatially textured bandgaps, with a strong potential for novel 
optoelectronic devices and light harvesting. 
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When developing semiconductor-based devices for photovoltaic, photocatalytic or 
photosensing applications, light harvesting efficiencies can be optimised by fine-tuning the size, 
or even the spatial variation of the electronic bandgap. This can be achieved by mechanical 
actions, such as strain or hydrostatic pressure. Application of high pressure is an experimentally 
accessible path for exploring how the properties of a material change upon varying the 
interatomic distances [1].  
Established techniques, such as X-ray diffraction (XRD), can then be used in combination to 
thoroughly quantify the response of crystalline systems to various mechanical actions, and 
compute the corresponding compressibility and elastic moduli.  
Once a material’s mechanical and electronical response to applied forces is known, one can 
design a device in which, for example, a specific strain induced in the photosensitive component 
attunes it to a chosen wavelength. A variety of tools and methods for such strain-tuning have 
been implemented and reported, such as local compression by AFM cantilevers [2], adhesion 
to an elastomeric substrate [3,4], patterned substrates [5,6] and the use of differential thermal 
expansion between the active material and the substrate [7]. 
Layered van der Waals materials are especially good candidates for strain-engineered 
optoelectronic devices, thanks to their proven extremely wide range of elastic strain which they 
can support (above 5%), when reduced to nanometre thickness by exfoliation [8]. The strain 
tuning of optoelectronic properties of layered materials, such as transition metal 
dichalcogenides (TMDs), has already been proposed and successfully demonstrated for the 
semiconducting compounds containing group 6 metals: 2H-MoS2 and 2H-WSe2 [9-11]. 
Furthermore, tuning the bandgap in TMDs by mechanical action has been used to enhance the 
performance of semiconducting devices for light harvesting applications [12]. The prototypical 
2H-MoS2 and 2H-WSe2 are, however, not the only semiconducting layered TMDs. These also 
include systems with group 4 metals, as Zr and Hf. The corresponding bandgaps range from 
1.2 eV to 2 eV, pertinent for optoelectronic and energy conversion applications. These 
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compounds have so far been neglected in comparison to the Mo- and W-based semiconductors, 
despite their rather promising properties which encompass a high electronic mobility [13] and 
a tendency to spontaneously form native oxides with high dielectric constant [14]. The salient 
differences between group 4 and group 6 TMDs are in the electronic energy bands’ orbital 
character [15]. Group 4 TMDs have two fewer valence electrons on the metal atom, and a 
different metal-chalcogen coordination. Group 6 compounds—for example MoS2—crystallize 
in the 2H polytype, where the metal is in a trigonal prismatic coordination with six chalcogen 
atoms. Both conduction and valence bands have a metallic, 𝑑  orbital character, giving the 
chalcogen a minor role in the electronic structure. In contrast, Zr- and Hf-based TMDs assume 
the 1T-polytype structure with a six-fold octahedral metal-chalcogen coordination. Their 
conduction bands originate from the transition metal 𝑑 orbitals, while the chalcogen 𝑝 orbitals 
are responsible for the valence bands. 
Realising a structural phase transition driven by applying a mechanical action is a long-standing 
desire of the community working on layered semiconductors, such as TMDs. A mechanically 
induced lattice reconstruction in TMDs can open a venue for strain-controlled semiconductor-
to-metal conversion [16]. This phenomenon can be utilised in tunable optoelectronic elements, 
or in clean metal-semiconductor lateral homojunctions [17,18], operated by a stretchable 
substrate. However, it is not possible to mechanically induce phase switching in 2H-MoS2 and 
2H-WSe2. In fact, structural changes in these compounds cannot be triggered by strain or 
pressure alone [19-22] and require additional high temperatures, laser irradiation or 
intercalation [23,24]. In the present study, we investigated 1T-ZrS2 and 1T-ZrSe2, motivated by 
the 1T polytypes being considerably more prone to structural instabilities than the 2H polytypes. 
In light of the different chalcogen size for the investigated materials, Se being larger than S, 
their response under applied pressure may be expected to vary. For both mentioned compounds, 
we observed transitions between two distinct crystalline structures, characterized by different 
electronic properties. Such lattice reconstructions commonly occur in metallic TMDs, and are 
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responsible for the unusual transport properties of 1T-TaS2 [25], and topological phase 
transitions in 1T-MoTe2 [26]. The transition temperatures at which these transformations 
manifest can be tuned in a broad temperature range by applied pressure [27-29]. Indeed, by 
means of ab initio calculations, Zhai et al. [30], predicted a structural phase transition to occur 
in 1T-ZrS2 at high pressure. To test this experimentally in 1T-ZrS2 and 1T-ZrSe2, we measured 
their optical and structural properties under quasi-hydrostatic pressure that we applied using a 
diamond anvil cell. 
Results 
Figure 1 summarizes a set of structural, infrared and Raman properties for 1T-ZrS2 and 1T-
ZrSe2 at ambient pressure. The data were recorded on the same samples as those later used for 
the high-pressure experiments, and are consistent with the published results [32]. Optical 
transmission measurements (Figure 1e) show transparency in a wide energy range, and the onset 
of optical absorption at the indirect bandgap energies, which are 1.7 eV for ZrS2 and 1.2 eV for 
ZrSe2. Transparency in the infrared range is accompanied by a remarkably high room-
temperature dc conductivity of 3.13 S/cm (0.31 Ωcm) for ZrS2, and 23.81 S/cm (0.04 Ωcm) for 
ZrSe2. The high intrinsic doping level of these materials [31, 32], causing their high dc 
conductivity, is also evidenced by the intense light absorbance at low energies (< 0.5 eV). This 
is most likely due to in-gap or shallow donor states. 
Single crystals of Zr-based TMDs were loaded into a diamond anvil cell for optical 
measurements under high-pressure conditions. A finely ground powder was used for X-ray 
diffraction experiments. The applied pressure was monitored using ruby fluorescence [33]. The 
compressive strain imposed onto the materials at every specific pressure was calculated from 
our data, and can be found in the SI. The pressure dependence of the Raman and powder XRD 
patterns are shown in Figure 2. For both materials, the formations of different crystalline 
structures are evident from the appearance of new peaks in the Raman and XRD spectra. In 
ZrS2, the new crystalline phase starts to appear at 3 GPa, which corresponds to 1% in-plane and 
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4% out-of-plane compression (Figure SI. 3). With increasing pressure, a larger fraction of the 
sample is converted into this new phase, with the low- and high-pressure phases coexisting over 
a broad range of pressures. The transformation into the newly created phase, here called HP-
ZrS2, is irreversible upon full decompression to 1 atm. ZrSe2 remains structurally stable up to 
8 GPa, equivalent to 3% in-plane and 7% out-of-plane compression (Figure SI. 3). Upon further 
increase of pressure, a structural transformation takes place, with a more rapid conversion of 
the material compared to the S-based compound. The high-pressure phase (HP-ZrSe2) persists 
down to 2 GPa when pressure is released. Below 2 GPa, the initial structure is recovered, 
making the transformation reversible, but with a wide hysteresis. The progression and 
reversibility of the phase transitions as a function of pressure are schematically depicted in 
Figure 2 g,h. The different behaviour between the two isostructural materials―different 
transformation onset pressures as well as the presence or absence of reversibility―suggests a 
possible difference in the crystalline structure of the high-pressure phases. It is not yet clear 
what makes this structural transformation favourable only for these specific types of TMDs, but 
we believe that the different metal-chalcogen coordination, when compared to 2H-polytypes, 
and the fact that there are two valence electrons less [15] on the transition metal, must play a 
fundamental role. 
Using our high-pressure XRD and Raman data, and aided by the work of Zhai et al. [30], we 
succeeded in refining the crystalline structures of HP-ZrS2 and HP-ZrSe2. For ZrS2, mechanical 
deformation transforms the known layered material into a new layered structure (Fig. 3 a), 
previously never observed in a TMD. The octahedra are transformed into distorted trigonal 
prisms. The structure is different from that of a 2H phase, as the triangular bases of the prisms 
are now parallel to the bc-plane, and their orientation alternates in the a-axis direction. Even 
more surprising and unusual is the structure assumed by ZrSe2. This initially layered material 
becomes three-dimensional, a transformation that is reminiscent of the graphite to diamond 
conversion. The resultant crystalline structure―orthorhombic with the space group Immm―is 
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unusual, and can be observed at ambient conditions only in exotic materials, such as the rare-
earth dichalcogenide ErSe2 [34] and the unconventional heavy-fermion superconductor UTe2 
[35]. The Zr atoms are coordinated by 8 chalcogens, a configuration that can also be found at 
ambient pressure in the quasi-one-dimensional crystals ZrS3 and ZrSe3 [36]. 
Rietveld refinement of the powder X-ray diffraction patterns was done for every pressure point 
(Figures SI. 1 and 2). This was used to determine the possible crystal structure for the high-
pressure phases, along with the compressibility and volume fraction of the 1T phase as a 
function of pressure. 
Having identified the crystalline structures, the optical and electronic properties of those newly 
created materials are of immediate interest. By measuring optical transmittance as a function of 
pressure, we investigated the presence and magnitude of the optical bandgap (further details 
can be found in the SI). For ZrS2, at low pressures (0 to 2 GPa) the bandgap of the 1T phase is 
reduced, like it is commonly seen in other TMDs [19,20]. Above 3 GPa, as the new phase 
appears, it is possible to identify the contribution to absorption from a second bandgap, which 
is approximately 200 meV smaller than that of the native 1T phase. As pressure further 
increases, the bandgap decreases, offering additional control over the optical properties. At the 
same time, the volume ratio between the two phases changes, as seen from the XRD data (SI), 
further modifying the optical spectrum. To confirm our estimate of the optical bandgap, we 
performed first-principle calculations on the ZrS2 HP phase at 6 GPa. The computed band 
structure has an optical bandgap of 1 eV, in perfect agreement with the value extracted from 
the experimental data (Figure SI 8). The origin of a small suppression of optical transmittance 
in the 0.5 – 1 eV energy range remains unclear. 
ZrSe2 changes its properties more dramatically. We observed a continuous reduction of the 
bandgap of the 1T phase up to 5 GPa,. As the new crystalline phase appears, the optical 
transparency is suppressed for all frequencies. This means that HP-ZrSe2 is metallic, or possibly 
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a narrow-gap semiconductor with a bandgap of less than 0.1 eV. The evolution of the optical 
bandgaps extracted from the optical transmittance data is summarized in Figure 3 c,f. 
In order to further address the dramatic pressure-induced semiconductor-to-metal transition 
observed in ZrSe2, the band structure for the proposed high-pressure phase was computed by 
means of semilocal Perdew-Burke-Ernzerhof functional. Specifically, we determined the 
electronic band structures of both the low-pressure (0 GPa) and the high-pressure (9.5 GPa) 
phases by means of density functional theory. The low-pressure phase is found to be a 
semiconductor, with an indirect bandgap of 0.9 eV (see Figure 4a). This value is in agreement 
with our optical measurements shown in Figure 3e and 3f, and perfectly matches the results of 
recent ARPES experiments [31]. We found that the valence band maximum is located at the 
centre of the Brillouin zone, while the conduction band minimum occurs at the high-symmetry 
L point.  As far as the high-pressure phase of ZrSe2 is concerned, the present optical 
measurements cannot distinguish whether this system is a metal, or a semiconductor with a 
bandgap below 0.1 eV. Our calculations reported in Figure 4b clearly indicate a metallic 
character, with a number of bands crossing the Fermi level. Overall, our calculations paint a 
picture in accordance with the experimental observations. 
To conclude, we have experimentally demonstrated room-temperature pressure-driven 
structural phase transitions in the semiconducting layered transition metal dichalcogenides 1T-
ZrS2 and 1T-ZrSe2. The two materials are isostructural and isoelectronic, but undergo 
completely different lattice reconstructions, and their physical properties evolve in distinct 
manners. Under applied pressure of 3 GPa, ZrS2 is transformed irreversibly into a new layered 
structure, with a consequent reduction of the bandgap by 200 meV. As for ZrSe2, once pressure 
is above 8 GPa, the layers merge into a 3D structure. This collapse results in a semiconductor-
to-metal transition, as confirmed by ab initio calculations. In addition, the bandgap of the 
starting 1T phase reduces under compression at the rate of 50 meV/GPa, giving a further 
tunability over the materials’ optical properties. Our demonstration of structural 
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transformations induced by mechanical actions, with the associated dramatic changes in their 
electronic properties, grants the long-awaited additional functionality in TMDs, enabling us to 
control structure and properties on-demand. New opportunities in the field of strain-designed 
devices―charge funnelling and clean metal-semiconductor homojunctions in optoelectronic 
components―are now within reach. Further research needs to be done in the direction of 
understanding the dynamics of the lattice reconstruction, in particular for ZrSe2 because of its 
close reminiscence to the graphite to diamond transformation. 
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Methods 
 
Crystals synthesis: Single crystals of 1T-ZrS2 and 1T-ZrSe2 were synthesized by chemical 
vapour transport method using I2 as transport agent. Similar conditions as those presented in 
[32] have been used to growth large single crystals. 
High-pressure Raman and infrared spectroscopy: Raman and infrared measurements were 
performed on the infrared beamline SMIS at the synchrotron SOLEIL. We used a DXR2 
Thermo Fisher Raman microspectrometer equipped with a 633nm He-Ne laser as light source, 
a Peltier cooled CCD detector, a 600 grooves/mm grating, resulting in a spectral resolution of 
about 4 cm-1. Infrared measurements were performed on a custom-built horizontal microscope 
for diamond anvil cells (DACs), equipped with custom Cassegrain objectives, a MCT and a Si 
diode detectors, for the Mid-IR and the Near-IR respectively [37]. The horizontal microscope 
was coupled to Thermo Fisher iS50 interformeter with Quartz (NIR) / KBr (MIR) beamsplitters 
and synchrotron radiation as IR source.  
Square samples of about 100 × 100 μm2 were loaded into a membrane DAC with 400 µm culets. 
Stainless-steel gaskets were pre-indented to a thickness of about 50 µm and a hole of diameter 
150 um was drilled by electro-erosion. NaCl was used as pressure transmitting medium [38]. 
Pressure was measured in situ by the standard ruby fluorescence technique. Data was collected 
every 1 GPa during both compression and decompression, with the last data point collected 
after the cell was  open to release any residual pressure. 
X-ray diffraction: The high-pressure X-ray diffraction experiments were performed at the X-
ray diffraction platform of IMPMC at 0.85GPa and 293K, using a membrane diamond anvil 
cell (DAC) with a culet of 500 μm in diameter. A 250 μm-diameter hole was drilled in a 
stainless-steel gasket with a thickness of 200 μm pre-indented to 80 μm. The finely ground 
powders of ZrSe2 and ZrS2 were loaded into the gasket hole together with a ruby ball
 as pressure 
sensor [39] (R1 ruby fluorescence method). A 4:1 methanol-ethanol mixture was used as 
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pressure transmitting fluid since it is known to provide hydrostatic conditions to approximately 
10 GPa [40]. Before and after each measurement, pressure was determined by recording the 
ruby fluorescence spectra using a spectrometer with a 532 nm excitation laser. The calculated 
error for the pressure values is 0.1 GPa and the sensitivity was 0.05GPa. 
The DAC was then mounted on a Rigaku MM007HF diffractometer equipped with a Mo 
rotating anode (λKα1 = 0.709319 Å, λKα2 = 0.713609 Å), VariMax focusing optics and a 
RAXIS4++ image plate detector. X-ray data were collected at 20 °C. A LaB6 standard sample 
was measured in the same experimental conditions to calibrate the FIT2D program, the image 
processing software used to integrate the intensities around the Debye−Scherrer rings and to 
get the 1D patterns.  
Density Functional Theory Calculations: Our first-principles calculations were performed at 
the density functional theory level as implemented in VASP [42,43]. We adopted the hybrid 
HSE06 [41] functional for describing the semiconducting systems, and the semilocal PBE 
functional for the metallic one [44]. Electron-core interactions were described through the 
projector augmented wave method, while Kohn-Sham wavefunctions were expanded in a plane 
wave basis set with a cutoff on kinetic energy of 400 eV. The integration over the Brillouin 
zone was carried out using a 6×6×4 (6×4×2) k-mesh for the low-pressure (high-pressure) 
crystalline phase of ZrSe2. We relied on the experimental crystal structures determined in our 
X-ray diffraction experiments. 
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Figure 1. Structural and optical properties of 1T-ZrS2 and 1T-ZrSe2. a) Crystal structure 
of both ZrS2 and ZrSe2. Red and yellow spheres represent the metal and chalcogen atoms, 
respectively. The octahedra formed by the chalcogens around the central Zr atom are shown. 
b) Photographs of the single crystals used for the experiments. The bright red colour of ZrS2 is 
the result of its optical bandgap in the visible range. c,d) Rietveld-refined powder X-ray 
diffraction (XRD) of 1T-ZrS2 and 1T-ZrSe2 measured at low pressure (< 1 GPa) inside the 
diamond anvil cell. Red dots are the experimental data, and the black lines are the simulated 
patterns for the known crystal structures. The diffraction pattern from the steel gasket is also 
included into the refinement. e) Optical transmittance through thin samples (6 μm and 2 μm for 
ZrS2 and ZrSe2, respectively), where the arrows indicate the positions of the indirect bandgaps 
at the onset of optical absorption. f) Raman spectra with the indexed A1g and Eg phonon modes, 
shared by both materials due to their identical crystalline symmetry. 
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Figure 2. Evidence of pressure-induced structural phase transitions a,b) Raman spectra of 
ZrS2 during compression (a) and decompression (b). The dotted white and purple lines are 
guides for the eyes in the low- and high-pressure phases, respectively. The compression curve 
shows the onset of transformation at 3 GPa. During decompression the high-pressure phase 
remains stable down to 1 atm. c,d) Pressure evolution of the Raman spectra of ZrSe2. Data 
during compression (c) shows the appearance of a new crystalline phase at 8 GPa, and the initial 
phase is restored during decompression below 2 GPa (d).  e,f) Powder X-ray diffraction at 
different pressures for ZrS2 (e) and ZrSe2 (f), the purple lines mark the diffraction peaks 
originating from the new crystalline phase. g,h) Schematic representation of the pressure driven 
transformation. The blue and purple regions represent the ambient-pressure and high-pressure 
phases, respectively. The red crosses show the volume fraction of the 1T phase as a function of 
pressure during compression. 
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Figure 3. High-pressure structures and switching of optical properties a) Crystal structure 
of HP-ZrS2. The layered structure is evident, while the original octahedral coordination is 
distorted into an unusual trigonal prismatic configuration. b) Optical transmittance as function 
of pressure for ZrS2. c) ZrS2 bandgap evolution under pressure d) Crystal structure of HP-ZrSe2. 
The atomic lattice is three-dimensional, a rare configuration that exists at ambient pressure in 
ErSe2 and UTe2. e) Optical transmittance measured up to 8 GPa. As the new phase appears, 
optical transmittance becomes zero due to its metallic properties. f) ZrSe2 bandgap evolution 
under pressure. The grey area in the panels b and e are the 0.23-0.28 eV region obscured by 
diamond absorption. 
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Figure 4. First-principles calculations of the electronic structure of ZrSe2. Electronic band 
structure of the (a) low-pressure and (b) high-pressure crystalline phases of ZrSe2, together with 
the high-symmetry points in the corresponding first Brillouin zones. 
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High-pressure Rietveld refinement of the XRD spectra 
 
The crystal structure refinements were carried out using the Rietveld method as implemented 
in the Fullprof software [1].  
Starting from the known cell parameters of ZrS2 and ZrSe2, the refinements converged rapidly 
for the known structures at low pressure, considering low amounts of iron (diffraction from the 
DAC gasket). 
For the two structures, preferred orientations were evidenced and their relative parameters 
refined: (001) for 1T-ZrS2, (-101) for HP-ZrS2, (001) for 1T-ZrSe2, and (010) for HP-ZrSe2. 
The peak widths were significantly larger than the instrument resolution (~0.15° 2θ). Starting 
from an instrumental resolution function, Lorentzian isotropic size (Y) and Lorentzian iso-
tropic strain (X) parameters were refined but only the second one (strain effect) improved the 
fits. Then, anisotropic refinements of strain parameters were attempted to get better peak 
profiles. The corresponding spherical harmonic coefficients are given in the following tables 
but the estimated standard deviations (esd) are too large to discuss the physical meaning of 
these values. 
The low data to parameter ratio at high pressure - mainly due to the coexistence of starting and 
HP structure and to the peak broadening increasing with the strain - prevent us from a stable 
refinement of atomic positions. 
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Table 1. Results of the Rietveld refinement from X-ray diffraction analysis (λMo) of ZrS2. 
Pressure 0.37GPa 
1T-ZrS2 P -3m1 RBragg = 9.93 % Fract. (%) = 96 (4) 
a = b = 3.6619 (11) Å c = 5.7746 (24) Å     
V = 67.059 (40) Å3    
Strain Parameters (for profile only, large esd) 
S400=3.21 (2.43), S004=11.11 (4.70), S112=0 
 
Fe I m3m RBragg = 11.7 % Fract. (%)  = 4 (1) 
a = 2.8771 (52) Å    
V = 23.816 (74) Å3 
 
 
Pressure 2GPa 
1T-ZrS2 P -3m1 RBragg = 16.3 % Fract. (%)  = 93 (4) 
a = b = 3.6365 (9) Å c = 5.6330 (19) Å     
V = 64.511 (31) Å3    
Strain Parameters (for profile only, large esd) 
S400=1.73 (1.96), S004=8.20(+/-3.71), S112=0 
 
Fe I m3m RBragg = 30.2 % Fract. (%)  = 7 (1) 
a = 2.8714 (39) Å    
V = 23.675 (56) Å3 
 
 
 
 
Pressure 4GPa 
1T-ZrS2 P -3m1 RBragg = 12.1 % Fract. (%)  = 56 (5) 
a = b = 3.6122 (7) Å c = 5.5275 (26) Å     
V = 62.461 (34) Å3    
Strain Parameters (for profile only, large esd) 
S400=1.25 (0), S004=5.67(4.86), S112=0.23 (11.30) 
 
HP-ZrS2 P 21/m  RBragg = 17.8 % Fract. (%)  = 38 (8) 
a = 6.4811 (104) Å b = 3.7610 (10) Å c = 5.0823 (126) Å   = 108.922(50) deg 
V = 117.188 (341) Å3    
Strain Parameters (for profile only, large esd) 
S400=45 (83), S040=55(66), S004=140(306), S220=138(127), S202=0 
S022=0, S121=-0, S301=0, S103=0 
 
Fe I m3m RBragg = 15.0 % Fract. (%)  = 6 (1)  
a = 2.8616 (30) Å    
V = 23.433 (42) Å3  
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Pressure 6GPa 
1T-ZrS2 P -3m1 RBragg = 6.2 % Fract. (%)  = 37 (4) 
a = b = 3.5904 (17) Å c = 5.4493 (52) Å     
V = 60.837 (71) Å3    
Strain Parameters (for profile only, large esd) 
S400=26 (29), S004=0 (8), S112=0 
HP-ZrS2 P 21/m  RBragg = 11.6 % Fract. (%)  = 55 (6) 
a = 6.4766 (63) Å b = 3.7235 (25) Å c = 4.9906 (75) Å   = 108.549(54) deg 
V = 114.100 (218) Å3    
Strain Parameters (for profile only, large esd) 
S400=45 (28), S040=146(52), S004=46(60), S220=88(90), S202=124 (104) 
S022=0, S121=-0, S301=0, S103=0 
Fe I m3m RBragg = 7.1 % Fract. (%)  = 8 (1) 
a = 2.8587 (34) Å    
V = 23.363 (48) Å3  
Pressure 8GPa 
1T-ZrS2 P -3m1 RBragg = 8.7 % Fract. (%)  = 28 (6)  
a = b = 3.5789 (28) Å c = 5.4162 (99) Å     
V = 60.081 (128) Å3    
Strain Parameters (for profile only, large esd) 
S400=109 (85), S004=63 (69), S112=126 (138) 
HP-ZrS2 P 21/m  RBragg = 15.0 % Fract. (%)  = 62 (8)  
a = 6.4791 (80) Å b = 3.7064 (41) Å c = 5.0004 (123) Å   = 108.88(11) deg 
V = 113.620 (337) Å3    
Strain Parameters (for profile only, large esd) 
S400=64 (26), S040=169 (65), S004=262 (126), S220=162 (109), S202=0 
S022=0, S121=-0, S301=0, S103=0 
Fe I m3m RBragg = 10.1 % Fract. (%)  = 10 (1) 
a = 2.8641 (29) Å    
V = 23.493 (41) Å3  
Pressure 10GPa 
1T-ZrS2 P -3m1 RBragg = 12.3 % 
Fract. (%)  = 28 
(11)  
a = b = 3.5563 (14) Å c = 5.3731 (90) Å     
V = 58.850 (104) Å3    
Strain Parameters (for profile only, large esd) 
S400=155 (172), S004= 383 (299), S112= 0 
HP-ZrS2 P 21/m  RBragg = 15.6 % Fract. (%)  = 65 (9)  
a = 6.4673 (94) Å b = 3.6731 (21) Å c = 4.9983 (138) Å   = 109.23(13) deg 
V = 112.106 (355) Å3    
Strain Parameters (for profile only, large esd) 
S400=11 (22), S040=200 (64), S004=125 (118), S220=210 (85), S202= 286 (134) 
S022=0, S121=-0, S301=0, S103=0 
Fe I m3m RBragg = 8.9 % Fract. (%)  = 7.1 (2)  
a = 2.8558 (31) Å 
V = 23.290 (44) Å3 
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Figure SI 1 Results of the Rietveld refinement from X-ray diffraction analysis (λMo) of ZrS2. 
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Table X. Results of the Rietveld refinement from X-ray diffraction analysis (λMo) of ZrSe2. 
Pressure 0.4GPa 
1T-ZrSe2 P -3m1 RBragg =  7.72 % Fract. (%) = 98 (8) 
a = b = 3.7656 (2) Å c = 6.0953 (30) Å     
V = 74.854 (37) Å3    
Strain Parameters (for profile only, large esd) 
S400=1.16 (34), S004=5.76 (4.31), S112=3.32 (4.50) 
 
Fe I m3m RBragg = 6.65 % Fract. (%)  = 2 (2) 
a = 2.8756 (8) Å    
V = 23.779 (11) Å3 
 
 
Pressure 1.7GPa 
1T-ZrSe2 P -3m1 RBragg =  8.28 % 
Fract. (%)  = 98 
(10) 
a = b = 3.7335 (13) Å c = 6.0164 (71) Å     
V = 72.629 (92) Å3    
Strain Parameters (for profile only, large esd) 
S400= 0.51 (18), S004= 5.68 (4.33), S112= 3.19 (4.30) 
 
Fe I m3m RBragg =  7.07% Fract. (%)  = 2 (2) 
a = 2.8486 (10) Å    
V = 23.114 (14) Å3 
 
 
Pressure 3.3GPa 
1T-ZrSe2 P -3m1 RBragg = 10.5 % Fract. (%)  = 99 (7) 
a = b = 3.7213 (2) Å c = 5.8494 (24) Å     
V = 70.150 (29) Å3    
Strain Parameters (for profile only, large esd) 
S400= 1.20 (27), S004= 4.11 (3.13), S112= 0.22 (3.07) 
 
Fe I m3m RBragg =  4.07 % Fract. (%)  = 1 (3)  
a = 2.8215 (56) Å    
V = 22.462 (8) Å3 
 
 
Pressure 5.2GPa 
1T-ZrSe2 P -3m1 RBragg = 14.4 % Fract. (%)  =  99 (6) 
a = b = 3.6909 (2) Å c = 5.7716 (27) Å     
V =  68.090 (33) Å3    
Strain Parameters (for profile only, large esd) 
S400= 15.32 (2.45), S004= 55.78 (14.19), S112=0 
 
Fe I m3m RBragg =  3.90 % Fract. (%)  = 1(1) 
a = 2.7942 (9) Å    
V = 21.817 (12) Å3  
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Pressure 7.4GPa 
1T-ZrSe2 P -3m1 RBragg = 10.2 % Fract. (%)  = 58 (5)  
a = b = 3.6473 (9) Å c = 5.7208 (1) Å     
V = 65.907 (24) Å3    
Strain Parameters (for profile only, large esd) 
NR 
HP-ZrSe2 I mmm  RBragg = 14.3 % Fract. (%)  = 41 (2)  
a = 3.6097 (20) Å b = 5.3843 (82) Å c = 12.1040 (103) Å    
V = 235.252 (432) Å3    
Strain Parameters (for profile only, large esd) 
S400= 6.98(7.71), S040= 21.10 (31.36), S004= 1.43 (1.44), S220= 10.68 (72.44), S202=0, S022=0 
Fe I m3m RBragg = 3.16 % Fract. (%)  = 1(1) 
a = 2.7664 (0.0032) Å    
V = 21.171 (42) Å3  
Pressure 9.5GPa 
1T-ZrSe2 P -3m1 RBragg = 13.3 % Fract. (%)  = 39 (5)  
a = b = 3.6189 (16) Å c = 5.7208 (2) Å     
V = 64.886 (41) Å3    
Strain Parameters 
NR 
HP-ZrSe2 I mmm RBragg = 13.9 % Fract. (%)  = 61 (8)  
a = 3.5824 (21) Å b = 5.3699 (84) Å c = 12.0613 (233) Å    
V = 232.023 (592) Å3    
Strain Parameters (for profile only, large esd) 
S400= 0.48 (41), S040= 1.03 (1.55), S004= 0.09 (7), S220= 1.55 (3.81), S202= 0, S022=0 
Fe I m3m RBragg =  0.5 % Fract. (%)  = 0 (1)  
a = 2.7413 (497) Å 
V = 20.599 (647) Å3 
   
Pressure 11.5GPa 
1T-ZrS2 P -3m1 RBragg = 17.1 % Fract. (%)  =  19(3)  
a = b = 3.6307 (22) Å c = 5.6089 (501) Å     
V = 64.031 (574) Å3    
Strain Parameters 
NR 
 
HP-ZrS2 I mmm RBragg = 15.4 % 
Fract. (%)  = 81 
(10)  
a = 3.5894 (239) Å b = 5.4119 (111) Å c = 12.0219 (116) Å    
V = 233.527 (552) Å3    
Strain Parameters (for profile only, large esd) 
S400= 1.09(0.74), S040= 2.03 (2.72), S004= 0.07 (0.08), S220= NR, S202= 0.67 (0.68), S022=0 
Fe  
not refined  
(too much overlap) 
I m3m RBragg = NR Fract. (%)  =  NR  
a = NR  
V = NR 
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Figure SI 2 Results of the Rietveld refinement from X-ray diffraction analysis (λMo) of ZrS2. 
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Pressure - Strain relation 
Given the experimental X-ray diffraction (XRD) data, recorded during high-pressure 
experiments, it is possible to compute the change in unit cell parameters of the 1T-phases of 
ZrS2 and ZrSe2. The data were used to compute the pressure – strain relation for the material. 
The engineering strain (in percentage) applied to the material is computed as: 
𝜀𝑎(𝑃) =
𝑎(𝑃)−𝑎(0)
𝑎(0)
∙ 100        (1) 
Where a(0) and a(P) are the same lattice parameter at ambient and pressure P respectively. 
Given the hydrostatic conditions of the experiment, only the three diagonal component of the 
strain tensor are non-zero: εa, εb and εc. Because of the hexagonal lattice symmetry (P-3m1), 
εa=εb.           (2) 
As a reference, strain is considered positive when tensile and negative when compressive. In 
the case of our high-pressure experiments, ε is negative as only compressive deformation is 
produced. In Figure SI 1, we report the computed values, extracted from high-pressure powder 
XRD for 1T-ZrS2 and 1T-ZrSe2. As a comparison, Figure SI 2 shows the compressibility as 
function of pressure for the semiconducting 2H polytypes (MoS2, WS2 and WSe2), computed 
from published results [2,3,4]. 
From our results the 1T polytypes appear to have a much higher compressibility than the 2H 
polytypes. In comparison, at 10 GPa, in-plane strain are εa=3.6% and εa=2.2% for 1T and 2H 
respectively. For both materials, the out-of-plane compressibility is much higher than the in-
plane one, as one would expect considering the much weaker van der Waals interaction. 
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Figure SI 3. a) 1T-ZrX2 unit cell. The arrows point in the direction of positive strains (tensile) 
along 2 principal directions, εa is in-plane and εc is out-of-plane. b) Experimentally 
determined pressure-strain relation for 1T-ZrS2. c) Experimentally determined pressure-
strain relation for 1T-ZrSe2. 
 
Figure SI 4. a) 2H-MeX2 unit cell. The arrows point in the direction of positive strains 
(tensile) along 2 principal directions. b) Experimentally determined pressure-strain relation 
for 2H-MoS2, 2H-WS2 and 2H-WSe2. 
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High-pressure Raman scattering 
Here we show the Raman spectra at each pressure during compression and decompression.  
 
Figure SI 5. Raman spectra of ZrS2 collected during compression and decompression. All 
curves are shifted vertically by an equal amount. 
 
 
Figure SI 6. Raman spectra of ZrSe2 collected during compression and decompression. All 
curves are shifted vertically by an equal amount. 
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Band gap estimation 
 
Values of the optical band gap as a function of pressure were estimated from the optical 
transmittance data. As all semiconducting phases have an indirect band gap, we used the same 
empirical model for all data points. After computing the absorption coefficient (α) from the 
experimental data, we estimated the indirect band gap Eg via linear extrapolations of (ℎ𝜗𝛼)1 2⁄ . 
Representative fitting are shown in Figure SI. 7. 
 
 
Figure SI 7. Representative extrapolation of the indirect band gap for the high-pressure 
phase of ZrS2 (HP-ZrS2) at different pressures. 
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DFT band structures calculations 
 
 
Figure SI 8. Electronic band structure of the (a) low-pressure (0 GPa) and (b) high-pressure 
(6 GPa) crystalline phases of ZrS2, together with the high-symmetry points in the 
corresponding first Brillouin zones. 
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